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On the basis of first-principles calculations, we propose a superconductivity of carbon compounds
with a sodalite structure, which is similar to a hydrogen compound with a very high superconducting
transition temperature, Tc. Our systematic calculation shows that some of these carbon compounds
have a Tc of up to about 100 K at a pressure of about 30 GPa, which is lower than that of
superconducting hydrides (above 100 GPa). The obtained phonon dispersions appear to be similar
to each other, and this suggests that the sodalite structure may be a key to generating phonon-
mediated high-Tc superconductivity.
I. INTRODUCTION
Since the high temperature superconductivity(HTS)
of metallic hydrogen was predicted at extremely high
pressure,[1–3] much effort has been made to clarify its
nature and/or to find new hydrogen compounds rele-
vant to metallic hydrogen.[4, 5] In particular, works of
first-principles calculations[6, 7] suggested that the tran-
sition temperature Tc of the superconductivity of SH3
is up to 200 K at a pressure of about 200 GPa. Fur-
thermore, hydrogen compounds with a sodalite structure
such as YH6 and lanthanum decahydride (LaH10)[8–14]
are also predicted to have Tc over 250 K. From these re-
sults, experiments[15–19] succeeded in finding these su-
perconductors whose Tcs were almost close to the result
of first-principles calculations.
This HTS is generated by phonon-mediated attraction,
and the mechanism underlying this superconductivity is
considered to be conventional. In this case, the McMillan
formulation[20] can be applied to these systems, and Tc
is described as
Tc ' ωlog
1.2
exp(− 1.04(1 + λ)
λ− µ∗(1 + 0.62λ) ), (1)
where ωlog is a logarithmic average frequency, which in-
dicates a characteristic phonon frequency of the system,
λ is the electron-phonon coupling constant, and µ∗ is
the Coulomb pseudopotential, which is usually treated
as a constant of about 0.1.[21] In this formulation, Tc
is determined by two parameters, ωlog and λ. There-
fore, both parameters should be large to achieve HTS.
For example, it is found that ωlog ' 1100 K and λ ' 2.1
for SH3.[7] These calculated values are fairly larger than
those of MgB2( ωlog ∼ 700 K and λ ∼ 0.7)[22], which is
a phonon-mediated high-Tc superconductor with Tc ' 39
K.[23]
In hydrogen compound superconductors, high pressure
may stabilize these characteristic structures, leading to a
high phonon frequency. In fact, these materials are only
stable within a limited pressure range, and the phonon
frequency decreases with increasing pressure.[8–13] In ex-
periments, it is not easy to generate high pressure over a
few hundred GPa, and the HTS of hydrogen compounds
can only be achieved with devices using diamond anvil
cells. This situation prevents further development of ex-
perimental research and application as electronic devices
in the future. It is desirable to reduce the required pres-
sure to realize HTS of these compounds. Thus, we would
propose a way to use carbon atoms instead of hydrogen
atoms in the sodalite structure.
In fact, materials constructed with carbon atoms such
as diamond are stable at atmospheric pressure and have
high phonon frequency up to 2000 K. Boron-doped di-
amond has been studied as a candidate of phonon-
mediated HTS.[24–26] Moreover, intercalated graphite
and alkali-doped C60 compounds are known carbonate
superconductors with high Tc up to ∼ 33 K.[27, 28]
Since many hydrogen compounds with a sodalite struc-
ture have a large λ,[8–13] it may be expected that car-
bonate with the same structure also has a large λ. If its
compound has a high phonon frequency, HTS can be ex-
pected. The existence of the sodalite structure with only
carbon atoms is already known by a work of the density
functional theory.[29] By combining carbon with other
elements, we expect a high ωph and a large λ as well as
hydrogen compound superconductor.
In this work, we examine the superconductivity of
carbon compounds with a sodalite structure by first-
principles calculations. We calculate the energy band
and the phonon dispersion of the systems. On Basis of
the McMillan formulation, we estimate the Tc of several
compounds that are expected to show HTS. We also dis-
cuss the relationship between carbon and hydrogen com-
pound systems by comparing these electronic and phonon
states.
II. MODEL AND METHOD
We consider compounds with the sodalite structure,
which is shown in Fig.1. We denote the compound as
XC6, where X stands for an atom bonded to carbon
atoms that form the skeleton of the sodalite structure.
Calculations are performed using Quantum ESPRESSO,
which is an integrated software of Open-Source computer
codes for electronic-structure calculations.[30] In our cal-
culation, we mainly use a 24 × 24 × 24 Monkhorst-Pack
grid for the electronic Brillouin Zone integration and a
4× 4× 4 mesh for phonon calculation.
The transition temperature Tc is usually calculated by
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FIG. 1: (Color online) Structure of the sodalite-type com-
pound XC6, where large spheres represent ‘X’ atoms and
small spheres are carbon atoms. Here, a is the length of one
side of the unit cube.
substituting the values of λ and ωlog into Eq.(1). How-
ever, the calculatedt Tc is underestimated when λ >∼
1.[31] Since the typical value of λ in the XC6 system
is up to about 3.0, we need to use a modified formulation
that better reproduces the experimental Tc. For simplic-
ity, we adopt the Allen and Dynes formulation for Tc[31],
Tc =
f1f2ωlog
1.2
exp(− 1.04(1 + λ)
λ− µ∗(1 + 0.62λ) ), (2)
where
f1 = [1 +
λ
2.46(1 + 3.8µ∗)
]1/3,
f2 = 1 +
(
√
ω2/ωlog − 1)λ2
λ2 + [1.82(1 + 6.3µ∗)](
√
ω2/ωlog)2
.
Here, ω2 =
1
λ
∫∞
0
Ωα2F (Ω)dΩ and α2F (Ω) stands for the
electron-phonon spectral function.[31] The parameters f1
and f2 give simple corrections for the result of the McMil-
lan equation Eq.(1) and improve the value of Tc in the
case of large λ. Our calculation indicates that λ = 2.30,
ωlog = 1232 K, f1 = 1.16, f2 = 1.07, and then Tc = 240
K for YH6 at 165 GPa, where we set µ
∗ = 0.1. At 237
GPa, we obtain λ = 1.81, ωlog = 1447 K, f1 = 1.12,
f2 = 1.05, and Tc = 228 K. These values are close to the
experimental results of Tc =224 K at 165 GPa, [18] and
Tc =227 K at 237 GPa. [19]
From the theoretical viewpoint, it seems better to solve
the Eliashberg equations numerically using the function
α2F (Ω). However, Tc calculated by the Eliashberg equa-
tions is over lar 270 K for P >∼ 150 GPa[13], which is
too high compared to the experimental one.[18, 19] For
the superconductivity of LaH10, the result of the Eliash-
berg equations also yields too high Tc.[14, 32] Although
the eq.(2) is phenomenological, we use it as a practical
method that gives a proper estimation for the experimen-
tal Tc.
III. RESULT
A. Pure carbon system C6
First, we consider a pure carbon system with the so-
dalite structure, C6. It forms the skeleton of this super-
conductor and may be a basis for understanding the su-
perconductivity of carbon compounds XC6. In Fig.2(a),
we show the band structure of electrons at P = 0 GPa.
It indicates that C6 is an insulator with a charge gap of
about 2.5 eV, which agrees with the result of the previous
work.[29] The band structure of C6 seems to be similar
to that of H6[8] except for the position of the Fermi sur-
face. This is because both systems have the same atomic
configuration.
Figure 2(b) shows that the phonon dispersion becomes
positive at any point in the Brilliouan zone and the sys-
tem is stable against the phonon excitation at P = 0
GPa. It indicates that the system becomes dynamically-
stable[5] and may be metastable at zero kelvin. We have
also confirmed that the system withstands pressures at
least up to 200 GPa.
The atomic density of C6 is 1.43× 1023cm−3 at P = 0
GPa, and smaller than that of diamond(1.76×1023cm−3),
because the sodalite structure has a large void to accom-
modate an atom X inside the crystal, as shown Fig.1.
On the other hand, the nearest C-C bond length is 1.55
A˚and close to that of diamond (1.54 A˚) at P = 0 GPa.
We expect that C6 is stable like diamond or C60 at atmo-
spheric pressure[29], whereas the pure hydrogen sodalite
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FIG. 2: (Color online) (a) Band structure of C6 at zero GPa,
where the Fermi energy is set to be zero. (b) Phonon disper-
sion of C6. (c) Phonon density of states of C6 (solid line) and
diamond (broken line).
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FIG. 3: (Color online) Band structures of (a) NaC6 at 30
GPa, (b) ClC6 at 0 GPa, (c) HC6 at 0 GPa, and YH6 at 170
GPa, where EF = 0.
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FIG. 4: (Color online) Densities of states of (a) NaC6 at 30
GPa, (b) ClC6 at 0 GPa, (c) HC6 at 0 GPa, and YH6 at 170
GPa, where EF = 0. Here, DOSs are displayed separately for
each element component, and the total DOS is given by the
dotted line.
structure is unstable. In this work, we treat only systems
confirmed to be dynamically-stable by our calculation.
In Fig.2(c), we show the density of states(DOS) of
phonon for C6 with that of diamond. The peak of the
phonon spectral is about 1200 [cm−1](' 1700 K) for di-
amond, and that of C6 seems to widely spread around
1000 [cm−1](' 1400 K). Although the characteristic fre-
quency of C6 is slightly lower than that of diamond, it
may meet the requirements for HTS.
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FIG. 5: (Color online) Phonon dispersions of (a) NaC6 at 30
GPa, (b) ClC6 at 0 GPa, (c) HC6 at 0 GPa, and YH6 at 170
GPa.
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FIG. 6: (Color online) Electron-phonon spectral functions
α2F (ω) for (a) NaC6 at 30 GPa, (b) ClC6 at 0 GPa, (c)
HC6 at 0 GPa, and YH6 at 170 GPa, where the components
decomposed for each atom are color-coded. The broken lines
stand for λ(ω) =
∫ ω
0
α2F (ω′)dω′, and the dotted lines are
DOSs of phonons.
B. Carbon compounds XC6
Next, we consider the compounds, XC6 which combine
carbon and an X atom. Mainly, we present the results
of the compounds NaC6, ClC6, and HC6 as typical cases,
and the result of YH6 is also shown for comparison. The
optimum pressure at which the crystal structure stabi-
lizes depends on the type of X atom. For example, NaC6
is stable over about 30 GPa, and ClC6 is stable at pres-
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FIG. 7: Transition temperature Tc of XC6 as a function of
pressure P .
sures below only a few GPa, where the size of a is 4.43
A˚for the former and 4.62 A˚for the latter.
In Figs.3, we show band structures of NaC6 at 30 GPa,
ClC6 at 0 GPa, HC6 at 0 GPa, and YH6 at 170 GPa.
When the compound becomes metal, the combined X
atom can be regarded as a dopant that brings carriers
into C6, where NaC6 corresponds to electron doping, and
ClC6 and HC6 correspond to hole doping. On the other
hand, the band structure of YH6 does not have a clear
gap structure, and the energy band seems to be continu-
ous around EF, as shown in Fig.3(d). The overall behav-
iors of bands of NaC6 and HC6 are similar to that of C6,
and it suggests that its band is rigid for doping. On the
other hand, the band of ClC6 near EF is complex, and
seems to have a mix of a carbon band and other bands.
Figure 4 shows DOS of electrons for NaC6, ClC6, HC6,
and YH6, which are displayed separately for each element
component. They indicate that the contribution of Na to
DOS at EF is almost zero, while that of Cl is large. For
NaC6, the rigid band concept stands, that is, the role
of the Na atom is understood to give a carrier into the
system of C6. On the other hand, Cl seems to play an
important role in the electronic state and superconduc-
tivity. In Fig.6, we show the function α2F (ω)/ω, where
its integral with respect to ω corresponds to the value of
λ. It indicates that the contribution to λ comes almost
entirely from C6 for the case of NaC6, while that from
Cl is large for ClC6.
In Fig.7, we show Tc as a function of pressure P for
the family of superconductors of XC6 obtained by our
calculations. It shows that many compounds become a
candidate for the superconductor with a relatively high
Tc. In particular, the Tc values of NaC6 and AlC6 are
over 100 K at relatively low pressure, and ClC6 shows su-
perconductivity with Tc ∼ 40 K at 0 GPa. Furthermore,
HC6, BC6, and SC6 also indicate superconductivity(14
K <∼ Tc <∼ 30 K) at 0 GPa. These results remind us of the
superconductivity of C60 or intercalated graphene, where
Tc reaches up to about 30 K.
Figure8(a) shows the unit cubic volume of carbon com-
pounds, V (≡ a3) [A˚3], as a function of P together with
that of hydrogen compounds. It indicates that the V of
HC6 is almost equal to that of pure C6(a = 4.38 A˚) and
those of all other carbon compounds are larger than that
of C6. This indicates that the atom in the void of C6
expands the unit cell of compounds. Only the hydro-
gen atom is too small to affect the sodalite structure of
C6 in compounds. However, the volume change due to
pressure does not depend much on the type of X atom.
To consider it more quantitatively, we calculate the bulk
modulus, K(≡ −V ∂P∂V ) for some compounds. The ob-
tained values are about K = 350 GPa at P = 0 GPa for
HC6 and BC6, and about K = 500 GPa at P = 50 GPa
for BC6 and AlC6, where that is about K = 560 GPa
for YH6 at P = 170 GPa. It is interesting to compare
these results with that of diamond (K ∼ 540 GPa at
P = 0 GPa). The result suggests that these compounds
are fairly hard like diamond.
Figure8(b) shows ωlog as a function of pressure P . It
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FIG. 8: (Color online) (a) Unit volume V of XC6 as a func-
tion of pressure P with that of hydrogen compounds. Empty
circles with the dashed line represent the result of C6. (b)Log-
averaged phonon frequencies ωlog as a function of pressure P .
(c) Electron-phonon couplings λ as a function of pressure P .
5increases monotonically with P , and the result can be in-
tuitively understood. Here, we use the so-called jellium
model to consider the P dependence of ωlog. We as-
sume that the frequency of the plasma oscillation of ions,
ωion =
√
4pinion(Ze)2/Mion[33] is roughly proportional
to ωlog, where nion is the number density of ions, Ze is
the charge of ions, and Mion is the mass of ions. This sug-
gests that ωlog increases monotonically with increasing P ,
as shown in Fig.8(b). If we use nion = 1.43 × 1024cm3
and Z = 1, we obtain ωion ∼ 1100K, which is close to
ωlog of HC6. Since the hydrogen atom is light, it may
have little effect on the vibration mode of carbon atoms
with the sodalite structure in the compound. In fact, the
phonon dispersion of HC6 as shown in Fig.5(c) seems to
be almost similar to that of C6, as shown in Fig.2(b).
On the other hand, heavier atoms yield a large effect on
the vibration of C6, as shown in Figs.5(a) and 5 (b), and
then the values of ωlog become small.
In Fig.8(c), we give λ as a function of pressure P . It
indicates that λ decreases with increasing P . Roughly
speaking, λ is given by λ ∼ I/ω2log, where I is a coupling
constant between electron and phonon.[33, 34]. Using the
relation I ∝ n1/3 for the jellium model, we find that the
n-dependence of λ may be represented by n−2/3.[35] It
means that λ decreases with increasing P . As shown in
Fig.7, the P -dependence of Tc is weak for all XC6 com-
pounds. It can be interpreted that the P -dependences of
ωlog and λ are opposite, and the two effects on Tc almost
cancel each other.
IV. SUMMARY AND DISCUSSION
We proposed the high-Tc superconductivity on carbon
compounds XC6 with the sodalite structure. The energy
band, phonon dispersion, and Tc are systematically de-
termined for several compounds up to 200 GPa by first-
principles calculations. The results suggest that NaC6
and AlC6 are phonon-mediated high-Tc superconductors
up to Tc ∼ 100 K at P >∼ 30 GPa. Whereas the hydrogen
compounds XH6 showing HTS require extremely high
pressure, the carbon compounds are stable at relatively
low pressures, some even at 0 GPa. The similarity of
phonon dispersions between carbon and hydrogen com-
pounds suggests that the sodalite structure may be a key
to producing the phonon mediated HTS. We also discuss
the P -dependences of ωlog and λ by the jellium model.
It explains the P -dependence of Tc qualitatively.
By analogy with hydrogen compounds with a structure
such as LaH10, carbon compounds with the same struc-
ture are also expected to lead to HTS. Unfortunately,
we cannot find out stable compounds XC10 at 0 GPa in
our preliminary calculation. To obtain the final result,
more detailed examinations including the case of finite
pressure, are required. We would study it in the future.
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